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Electrochemical  lithiation  of  Co2MnSi  with  a  Heusler  structure  is  investigated  as  a  candidate  negative 
electrode  (anode)  material  for  secondary  lithium  batteries.  The  electrode  maintains  a  reversible  dis¬ 
charge  capacity  of  112mAhg_1  for  50  cycles  when  cycled  between  0.01  and  3  V.  It  is  proposed  that  the 
lithiation  mechanism  consists  of  two  steps.  Co2MnSi  transforms  to  Heusler-type  Li2MnSi  during  the  first 
charge  cycle  and  subsequent  charge-discharge  cycles  involve  the  formation  of  a  solid  solution  in  LixMnSi. 
The  latter  compound  maintains  its  structural  integrity  throughout  cycling  to  provide  steady  cycling 
behaviour.  Magnetic  measurements  are  also  employed  to  substantiate  further  the  structural  changes 
during  electrochemical  cycling. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Graphitic  materials  have  been  widely  used  as  negative  elec¬ 
trodes  (anodes)  for  secondary  lithium  batteries.  In  spite  of  their 
success,  graphitic  anodes  still  suffer  serious  problems  that  include 
electrolyte  decomposition  and  subsequent  structural  damage, 
which  lead  to  irreversible  capacity  loss  [1].  In  order  to  meet  the 
ever-increasing  demand  for  lithium  batteries  with  higher  energy 
density  (Whl-1),  alternative  anode  materials  have  been  actively 
sought.  Several  materials,  such  as  Sn-based  alloys  and  compounds 
[2-8],  and  Si  alloys  and  their  composites  [9-14],  have  been  reported 
as  possible  alternatives.  Despite  the  huge  capacity  (maximum  of 
4200  mAh  g-1  for  Si)  obtainable  from  some  of  these  materials, 
capacity  loss  originating  from  the  large  volume  expansion  during 
lithiation  is  the  main  limitation  to  their  use  as  anode  materials.  To 
minimize  the  volume  expansion,  these  materials  have  been  intro¬ 
duced  with  promising  success  in  the  form  of  nanoparticles  and 
nanowires  [15-18].  Nevertheless,  technologies  required  to  scale  up 
the  synthesis  of  these  nano-materials  to  an  industrial  level  have  not 
yet  been  developed.  Transition  metal  oxides  have  also  been  shown 
to  provide  stable  cycling  behaviour  as  negative  electrodes  through 
electrochemically  induced  phase  transformation  during  lithiation 
[19-21]. 
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This  paper  examines  a  new  class  of  material  based  on  a 
ternary  transition  metal  intermetallic  system  -  Heusler  alloys  - 
as  a  potential  electrode  material  for  Li  ion  batteries.  Recently,  it 
was  shown  that  Li2CuSb  with  a  Heusler  structure  was  formed 
during  Li-intercalation  of  Cu2Sb  [22],  whereas  CoMnSb  with  a 
half-Heusler-type  structure  exhibited  a  stable  discharge  capac¬ 
ity  of  220  mAh  g-1  through  formation  of  lithiated  Li2CoSb  phase 
during  the  first  charge  cycle  [23].  It  is  supposed  that  Co2MnSi, 
one  of  the  representative  Heusler  alloys,  would  also  maintain  its 
structural  integrity  during  Li  uptake/removal.  Co2MnSi  has  a  face- 
centered  cubic  (fee)  structure  (space  group  F43m)  with  a  density 
of  6.9 gem-3,  which  is  nearly  twice  the  density  of  carbon.  The 
high  density  of  the  material  would  provide  a  high  energy  density 
if  Co2MnSi  were  able  to  generate  a  reasonable  level  of  discharge 
capacity.  In  this  study,  it  is  demonstrated  that  Co2MnSi  can  maintain 
steady  electrochemical  cycling  and  its  electrochemical  behaviour  is 
correlated  to  the  changes  in  microstructure  of  the  electrode  as  well 
as  its  magnetic  properties. 

2.  Experimental 

A  Co2MnSi  ingot  was  produced  by  arc-melting  a  stoichiomet¬ 
ric  mixture  of  Co,  Mn  and  Si  powders.  The  initial  structure  and  the 
composition  of  the  ingot  were  verified  by  means  of  X-ray  diffrac¬ 
tion  (XRD)  and  energy-dispersive  X-ray  spectroscopy  (EDS).  The 
Co2MnSi  ingot  was  ground  in  a  high-speed  ball  mill  using  ethanol  to 
prevent  oxidation  of  the  powder.  The  final  particle  size  was  1  -5  pirn. 
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The  electrochemical  cycling  was  performed  using  a  CR2032  coin¬ 
type  cell.  The  anode  consisted  of  20  mg  of  accurately  weighed 
active  material  and  12  mg  of  conductive  binder  (teflonized  acety¬ 
lene  black).  The  material  was  pressed  on  to  a  copper  mesh  (1.6  cm 
in  diameter)  under  a  pressure  of  300  kg  cm-2  and  dried  at  110  °C  for 
5  h.  The  test  cell  comprised  the  Co2MnSi  electrode  with  a  lithium 
metal  foil  as  the  anode  (Honjo  Chemical  Co.)  that  were  separated 
by  a  porous  polypropylene  film  (Celgard  3401).  The  electrolyte 
was  1  M  LiPF6  in  ethylene  carbonate/dimethyl  carbonate  (1:1  by 
volume).  The  charge/discharge  current  density  was  maintained  at 
0.2  mA  cm-2  with  cut-off  voltages  of  0.01 -3  V.  To  investigate  the 
structural  changes  of  the  anode  material  after  cycling,  the  tested  cell 
was  opened  and  rinsed  with  acetonitrile  to  remove  the  remaining 
LiPF6  salt.  X-ray  diffraction  (Rigaku,  Japan)  using  CuKa  radiation 
was  used  to  characterize  the  microstructure  of  the  powder  at 
various  stages  of  electrochemical  cycling.  A  vibrating  sample  mag¬ 
netometer  was  also  employed  to  probe  the  magnetic  properties  of 
the  cycled  electrode. 

3.  Results  and  discussion 

Fig.  1(a)  shows  typical  charge-discharge  curves  of  Co2MnSi 
cycled  at  a  current  density  of  0.2  mA  cm-2.  The  charge  curve 

Li  x  mole  in  Co2MnSi 


indicates  that  3.9  moles  of  Li  are  inserted  into  the  Co2MnSi  elec¬ 
trode  during  the  first  cycle.  The  initial  irreversible  capacity  loss 
(20  mAh  g-1)  above  0.9  V  is  attributed  to  surface  reaction  of  the 
electrode  with  the  electrolyte  [22-24].  The  flat  plateau  at  0.8  V 
in  the  range  of  0.2<x<1.5  observed  in  the  charge  curve  signifies 
the  co-existence  of  multiphases  during  which  the  Co2MnSi  elec¬ 
trode  is  converted  into  a  lithiated  form.  A  similar  plateau  has  also 
been  observed  during  the  first  charge  cycle  for  CoMnSb  with  a 
half-FIeusler  structure.  It  was  shown  that  at  the  plateau  CoMnSb 
transformed  to  the  full-FIeusler  type  Li2CoSb  [23].  It  is  conjectured 
that  a  similar  transformation  also  occurs  for  the  Co2MnSi  electrode; 
this  will  be  substantiated  later. 

Although  3.9  moles  of  Li  are  inserted  into  Co2MnSi  during 
the  first  charge,  only  1.4  moles  are  extracted  in  the  first  dis¬ 
charge,  which  corresponds  to  the  first  irreversible  capacity  of 
320  mAh  g-1.  The  exceedingly  large  irreversible  capacity  during 
the  first  cycle  is  believed  to  be  related  to  the  intrinsic  struc¬ 
tural  change  incurred  during  charging.  Both  Cu2Sb  and  CoMnSb, 
which  transform  to  Li2CoSb  with  a  full-Heusler  type  structure, 
have  been  found  to  exhibit  a  large  irreversible  capacity  loss  during 
the  first  cycle  [22-24].  After  the  first  cycle,  however,  the  Co2MnSi 
electrode  gives  reasonably  steady  cycling,  as  can  be  seen  from  sub¬ 
sequent  charge-discharge  curves.  When  the  electrode  is  subjected 


Fig.  1.  (a)  Charge-discharge  curves  of  Li/Co2MnSi  cell  cycled  between  0.01  and  3  V  at  0.2  mAcrn-2  and  (b)  cycle  performance  of  Co2MnSi  electrode. 


Fig.  2.  (a)  Evolution  of  ex  situ  XRD  patterns  for  Co2MnSi  electrode  during  first  charging  and  discharging.  Inset:  Voltage  profile  for  first  charge-discharge  of  Li/Co2MnSi  cell. 
Voltages  at  which  XRD  patterns  were  recorded  are  indicated  by  letters  (A)-(E)  in  voltage  profile:  (A)  as  prepared;  (B)  0.75  V;  (C)  0.01  V  (during  charge)  and  (D)  1 V;  (E)  3  V 
during  discharge  and  (b)  change  in  lattice  parameter  during  first  charging  and  discharging  cycle. 
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Fig.  3.  Average  Co:Mn  ratio  of  individual  Co2MnSi  particles  obtained  with  EDS  at 
different  states-of-charge  during  first  charge. 


to  over  50  cycles,  the  discharge  capacity  slowly  drops  from  180  to 
112  mAh  g-1  as  is  seen  in  Fig.  1(b). 

A  series  of  ex  situ  XRD  data  taken  at  different  states-of-charge 
during  the  first  cycle  is  shown  in  Fig.  2(a).  In  contrast  to  the  reaction 
suggested  by  the  plateau  at  0.9  V,  all  of  the  XRD  patterns  are  indexed 
to  a  fee  structure.  Flence,  no  change  in  crystal  structure  is  observed 
during  the  charge-discharge  cycle,  except  for  a  change  in  the  lattice 
parameter.  The  lattice  parameter  of  the  electrode  as  a  function  of 
cell  voltage  is  presented  in  Fig.  2(b).  During  the  charge,  there  is  a 
sharp  increase  in  the  lattice  volume  between  1  and  0.75  V  that  cor¬ 
responds  to  the  flat  plateau  observed  at  0.9  V  during  the  charge  cycle 
(Fig.  1(a)).  The  abrupt  lattice  expansion  suggests  a  first-order  phase 
transformation,  associated  with  Co2MnSi  transforming  to  Li2MnSi. 


Fig.  4.  XRD  patterns  of  cycled  Co2MnSi  electrodes. 


A  change  in  the  crystal  structure  is  not  observed  because  Co2MnSi 
and  Li2MnSi  possess  identical  crystal  structures.  Flence,  the  follow¬ 
ing  reaction  mechanism  is  proposed  for  the  plateau  in  the  charge 
cycle: 

2Li  +  Co2MnSi  -►  Li2MnSi  +  2Co  (1) 

Beyond  0.75  V,  the  lattice  volume  further  expands  without  any 
discontinuity.  During  the  discharge  cycle,  the  lattice  volume  also 
contracts  without  any  abrupt  changes  and  thereby  indicates  that 
the  transition  from  Co2MnSi  to  Li2MnSi  is  irreversible.  This  suggests 
that  after  the  transformation,  Li  insertion  and  removal  proceeds 
by  forming  a  solid  solution.  The  proposed  overall  reaction  can  be 
described  with  reaction  (1)  occurring  in  the  first  charge  cycle  and 


Fig.  5.  SEM  images  of  Co2MnSi  powder:  (a)  before  cycling,  (b)  after  25  cycles,  (c)  TEM  bright-field  image  of  Co2MnSi  particle  after  25  cycles  and  (d)  magnified  image  of  (c). 
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then  followed  by: 

Li2MnSi  -^xLi  +  Li2_xMnSi 

(lstdischarge) 

(2) 

Li2_xMnSi  +  xLi  -a  Li2MnSi 

(2ndcharge) 

(3) 

To  substantiate  further  the  suggested  reaction  (1),  transmission 
electron  microscopy  (TEM)  samples  were  prepared  from  electrodes 
at  different  states-of-charge  during  the  1st  charge.  Local  chemical 
compositions  from  individual  particles  were  measured  using  EDS. 
Fig.  3  plots  the  average  Co:Mn  ratio  obtained  at  different  states- 
of-charge.  The  data  show  that  the  Co2MnSi  electrode  becomes 
increasingly  depleted  in  Co  as  Li  is  inserted  into  the  electrode.  The 
Co:Mn  ratio  is  initially  at  2.0,  but  systematically  decreases  during 
the  first  Li-insertion.  As  suggested  by  reaction  (1),  the  composi¬ 
tional  analysis  strongly  suggests  that  Co  is  extracted  and  replaced 
by  Li.  The  substantial  amount  of  Co  remaining  in  the  electrode  after 
full  charging  also  suggests  that  Li  may  enter  the  interstitial  sites 
and  therefore  give  rise  to  large  irreversible  capacity  loss  observed 
in  the  1  st  cycle. 

X-ray  diffraction  data  obtained  from  the  cycled  Co2MnSi  elec¬ 
trodes  after  2  and  25  cycles  are  presented  in  Fig.  4  together  with 
those  from  the  as-prepared  material.  The  lattice  parameter  was 
a  =  5.657  A  in  the  as-prepared  state.  No  noticeable  structural  transi¬ 
tion  was  observed  after  2  cycles  as  well  as  after  25  cycles,  although 
the  lattice  parameter  gradually  increases  to  5.669  A  after  25  cycles. 
The  lattice  expansion  probably  stems  from  the  lithium  atoms 
retained  in  the  lattice.  Although  a  gradual  increase  in  the  lattice 
volume  is  observed  after  repeated  cycling,  the  crystal  structure  is 
basically  well  maintained.  Scanning  electron  microscopy  images  in 
Fig.  5(a)  and  (b)  compare  the  morphology  of  the  Co2MnSi  particle 


before  and  after  25  cycles.  There  are  no  visible  changes  in  particle 
size  after  cycling  in  agreement  with  the  XRD  data  (evidenced  by 
no  appreciable  changes  in  peak  width).  Nor  does  the  particle  mor¬ 
phology  significantly  change  after  cycling.  Low  and  magnified  TEM 
bright-held  images  shown  in  Fig.  5(c)  and  (d)  indicate  that  the  par¬ 
ticle  surface  remains  smooth  without  any  extensive  damage  after 
cycling.  Extensive  TEM  observation  of  the  particles  shows  no  evi¬ 
dence  for  any  other  secondary  phases  such  as  Mn-  or  Co-oxides  on 
the  particle  surface. 

Magnetic  measurements  provide  further  confirmation  of  the 
proposed  reactions.  A  series  of  magnetic  hysteresis  loops  was  mea¬ 
sured  at  different  states-of-charge.  Fig.  6(a)  compares  the  magnetic 
hysteresis  loop  of  the  fully  charged  electrode  with  the  as-prepared 
material.  The  curves  show  that  the  fully  lithiated  phase  remains  fer¬ 
romagnetic,  but  with  slightly  decreased  saturation  magnetization 
as  indicated  by  the  arrows.  The  fact  that  the  electrode  remained  fer¬ 
romagnetic  after  incorporation  of  Li  suggests  that  Li  atoms  replace 
Co  atoms  in  the  Co2MnSi  lattice.  Displacement  of  Mn  atoms  by 
Li  should  dramatically  reduce  the  magnetic  moment  of  the  mate¬ 
rial  because  it  is  the  Mn  atoms  that  provide  the  strong  magnetic 
moment  to  the  Heusler  structure  (atomic  magnetic  moment  for 
Co  =  1.3/xb  and  for  Mn  =  3.5/xB  in  Co2MnSi  [25]).  In  fact,  no  reported 
ferromagnetic  Heusler  alloys  contain  Co  atoms  at  the  4b  site  of  the 
unit  cell  [25,26].  It  is  likely  that  Li2CoSi  would  be  a  paramagnetic 
material  at  room  temperature.  Therefore,  if  the  lithiated  phase  were 
Li2CoSi,  the  ferromagnetic  hysteresis  loop  in  Fig.  6(a)  should  not  be 
observed.  The  proposed  reaction  is,  however,  different  from  that 
hypothesized  for  CoMnSb,  in  which  it  was  suggested  that  Li2CoSb 
was  the  more  likely  form  through  Li  occupation  of  Mn  sites  based 
on  the  formation  energy  calculation. 


Li  x  mole  in  Co2MnSi 
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Fig.  6.  (a)  Magnetic  hysteresis  loops  for  as-prepared  and  fully  charged  Co2MnSi  electrode  (first  cycle),  (b)  saturation  magnetization  of  Co2MnSi  electrode  as  function  of 
state-of-charge  during  first  cycle  and  (c)  normalized  plots  of  saturation  magnetization  of  cycled  electrodes  and  discharge  capacity  against  cycle  number. 
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Similar  to  the  lattice  parameter  curve  in  Fig.  2(b),  there  is  an 
abrupt  change  in  the  saturation  magnetization  during  charging 
between  1.0  and  0.75  V,  as  can  be  seen  from  Fig.  6(b).  The  sharp  drop 
in  the  saturation  magnetization  suggests  that  the  electrode  under¬ 
goes  a  phase  transformation  during  the  first  Li  insertion  cycle.  As 
the  electrode  is  discharged,  the  removal  of  Li  continuously  raises 
the  saturation  magnetization  without  any  abrupt  changes.  Thus, 
the  behaviour  of  the  magnetic  properties  is  consistent  with  the 
proposed  reaction.  Fig.  6(b)  shows  the  saturation  magnetization 
as  a  function  of  the  state-of-the-charge  during  the  first  cycle.  The 
saturation  magnetization  progressively  falls  during  Li  charging  as 
expected  and  then  rises  during  removal  of  Li  from  the  electrode. 
Note  that  the  saturation  magnetization  does  not  attain  the  ini¬ 
tial  value  of  the  as-prepared  Co2MnSi.  The  drop  in  the  saturation 
magnetization  after  the  first  full  cycle  suggests  that  the  chemical 
make-up  of  the  electrode  is  fundamentally  altered  during  cycling 
despite  there  being  no  changes  in  the  crystal  structure.  Replace¬ 
ment  of  Co  atoms  with  Li  atoms  would  allow  ferromagnetism  but 
with  a  lower  magnetic  moment  because  Co  atoms,  which  possess 
a  relatively  weak  magnetic  moment  in  Co2MnSi,  are  removed  from 
the  unit  cell.  Hence,  the  magnetic  measurements  well  support  the 
proposed  initial  reaction  that  converts  Co2MnSi  to  Li2MnSi. 

Magnetic  measurements  were  also  performed  on  cycled  elec¬ 
trodes;  the  normalized  saturation  magnetization  of  the  cycled 
electrode  is  plotted  against  the  number  of  cycles  in  Fig.  6(c). 
The  saturation  magnetization  of  the  cycled  electrode  progressively 
decreases  as  cycling  proceeds.  The  rate  at  which  the  saturation  mag¬ 
netization  decreases  is  remarkably  similar  to  the  discharge  capacity 
loss  observed  in  Fig.  1(b).  As  can  be  seen  in  Fig.  6(c),  the  nor¬ 
malized  curves  for  the  saturation  magnetization  and  the  discharge 
capacity  nearly  coincide.  This  suggests  the  capacity  loss  is  closely 
related  to  the  change  in  the  magnetic  properties  of  the  electrode. 
Increasing  the  fraction  of  non-magnetic  Li  retained  in  the  lattice 
gradually  reduces  the  saturation  magnetization  of  the  electrode. 
This  reduction  is  also  consistent  with  the  XRD  data  in  Fig.  4.  Mag¬ 
netic  measurements  are  in  agreement  with  the  structural  data  and 
indicate  that  the  reaction  of  Co2MnSi  with  Li  indeed  proceeds  in 
two  steps  and  that  retention  of  Li  after  each  cycle  is  likely  to  be 
responsible  for  the  slow  deterioration  of  the  discharge  capacity. 

4.  Conclusions 

It  is  demonstrated  that  Co2MnSi  with  a  full-Heusler  structure 
can  be  electrochemically  cycled  for  Li-ion  batteries.  The  compound 
exhibits  a  reversible  discharge  capacity  of  112  mAh  g-1  after  50 
cycles.  Based  on  structural  analysis  combined  with  magnetic  prop¬ 
erties,  it  is  proposed  that  the  reaction  mechanism  consists  of  two 
steps.  Co2MnSi  transforms  to  Heusler-type  Li2MnSi  during  the 
first  charge  cycle  and  subsequent  charge-discharge  cycles  involves 


formation  of  a  solid  solution  with  LixMnSi.  Further  experiments 
to  verify  the  proposed  mechanism  using  different  types  of  full- 
Heusler  alloys  are  underway.  Co2MnSi  may  not  be  an  ideal  anode 
material  for  Li-ion  batteries,  but  the  intermetallic  compound  rep¬ 
resents  a  class  of  materials  that  remain  structurally  robust  during 
Li  insertion/removal.  In  addition,  because  of  the  high  density  of 
the  material  compared  with  carbon  anodes,  appropriate  chemical 
modification  of  the  compound  to  increase  the  reversible  discharge 
capacity  would  render  its  volumetric  discharge  capacity  favourable 
compared  with  existing  carbon-based  anodes. 
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